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Escherichia coli K-12 possesses two adjacent, divergent, promoterless flagellar genes, fhiA-mbhA, that are
absent from Salmonella enterica. Through bioinformatics analysis, we found that these genes are remnants of
an ancestral 44-gene cluster and are capable of encoding a novel flagellar system, Flag-2. In enteroaggregative
E. coli strain 042, there is a frameshift in lfgC that is likely to have inactivated the system in this strain. Tiling
path PCR studies showed that the Flag-2 cluster is present in 15 of 72 of the well-characterized ECOR strains.
The Flag-2 system resembles the lateral flagellar systems of Aeromonas and Vibrio, particularly in its apparent
dependence on RpoN. Unlike the conventional Flag-1 flagellin, the Flag-2 flagellin shows a remarkable lack of
sequence polymorphism. The Flag-2 gene cluster encodes a flagellar type III secretion system (including a
dedicated flagellar sigma-antisigma combination), thus raising the number of distinct type III secretion
systems in Escherichia/Shigella to five. The presence of the Flag-2 cluster at identical sites in E. coli and its close
relative Citrobacter rodentium, combined with its absence from S. enterica, suggests that it was acquired by
horizontal gene transfer after the former two species diverged from Salmonella. The presence of Flag-2-like gene
clusters in Yersinia pestis, Yersinia pseudotuberculosis, and Chromobacterium violaceum suggests that coexistence
of two flagellar systems within the same species is more common than previously suspected. The fact that the
Flag-2 gene cluster was not discovered in the first 10 Escherichia/Shigella genome sequences studied emphasizes
the importance of maintaining an energetic program of genome sequencing for this important taxonomic
group.
The motile gamma-proteobacterium Escherichia coli has
been widely accepted in biology as a model organism, an opin-
ion typified by quotations such as “all cell biologists have two
cells of interest: the one they are studying and Escherichia coli”
(34) or Jacques Monod’s famous dictum “Tout ce qui est vrai
pour le Colibacille est vrai pour l’e´le´phant” (“What is true for
E. coli is also true of the elephant”) (26). However, within this
single model species, which now encompasses the shigellas,
there are remarkable variations in genome size, and the largest
E. coli genomes possess more than 1 Mb more DNA than the
smallest E. coli genomes (42). Comfortingly, the most com-
monly used laboratory strain, K-12, has one of the smallest E.
coli genomes, leading to the often unwitting assumption that
this model strain represents the ancestral or archetypical state
of the species.
Curiously, one area of bacteriology in which E. coli K-12 has
been eclipsed as a model organism is the study of flagellar
biosynthesis, assembly, and regulation. In this area, Salmonella
enterica serovar Typhimurium strain LT2 has been the most
commonly used model organism (34, 35). Nonetheless, it has
been assumed that the genetics and physiology of flagellar
systems are essentially the same in E. coli and S. enterica; minor
differences include a tap receptor gene in E. coli but not in S.
enterica and an fliB flagellar methylase gene and a phase 2
locus in S. enterica but not in E. coli (12, 34). In a similar vein,
we have recently concluded from comparative sequence anal-
ysis that the S. enterica-E. coli model of flagellar function holds
up surprisingly well even when it is generalized to bacteria that
are only distantly related to E. coli (43). However, there are at
least two challenges to this paradigm. First, unlike the E. coli-S.
enterica archetype, many flagellar systems rely on the alterna-
tive sigma factor RpoN as a key facet of gene regulation (11,
27, 28, 30, 55). Second, some gamma-proteobacterial species
(Aeromonas hydrophila and Vibrio parahaemolyticus) have been
shown to utilize two distinct flagellar systems for motility, a
polar system for swimming in the liquid phase and a lateral
system for swarming over solid surfaces (31, 32, 37).
Studies initially with uropathogenic E. coli (UPEC) and later
with other pathotypes suggested that E. coli strains often ac-
quire new complex pathogenic phenotypes in a single step by
the acquisition of pathogenicity islands, which contain viru-
lence genes clustered on the chromosome and which are ac-
quired en bloc by horizontal gene transfer (21, 22). More
recently, the island concept has been generalized to encompass
almost any horizontally acquired gene cluster or even any re-
gion in which there is a difference between two genomes. The
most striking example of the latter expansion of use occurred
when the first genome sequence of a pathogenic strain, entero-
hemorrhagic E. coli O157:H7, was compared to the K-12 ge-
nome sequence (47).
Recently, uncritical adoption of the island concept in ge-
nome annotation has faced several challenges. It is now clear
that in the K-12–O157 comparison, neither the presumed po-
larity of change (i.e., the presumption that an O-island is an
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insertion in O157 relative to the K-12 backbone) nor the an-
cestral status of K-12 can be justified in all cases. For example,
we described a striking case in which O-island 115 is part of a
much larger gene cluster, ETT2, associated with type III se-
cretion, and in which the essential difference between O157
and K-12 at this locus is a deletion in K-12 rather than an
insertion into the O157 genome (i.e., O157 reflects the ances-
tral state better than K-12) (48). Furthermore, some so-called
pathogenicity islands, even in UPEC, are more fluid than first
thought (54). Thus, rather than a fixed core of housekeeping
genes supplemented by a limited set of optional islands, the E.
coli genomes are perhaps better viewed as frequently redrafted
palimpsests, subject to repeated rounds of insertion, deletion,
and rearrangement.
In addition to within-species alignments, comparison of the
E. coli K-12 genome with the genome of S. enterica LT2 might
be seen as a way of defining the E. coli backbone and the E. coli
genomic islands (39). Such a comparison reveals a small but
puzzling difference in the flagellar gene repertoires. K-12 pos-
sesses an additional pair of divergent, promoterless genes,
fhiA-mbhA, an apparent flagellar islet that is absent from S.
enterica (39). These genes appear to encode incomplete ho-
mologs of FlhA and MotB. We therefore examined the
genomic context of the mbhA-fhiA genes in 11 different ge-
nome sequences from Escherichia/Shigella strains. We were
surprised to discover that these genes represent a remnant of
an ancestral gene cluster present in around one-fifth of E. coli
strains that is potentially capable of encoding a novel flagellar
system previously overlooked in this intensively studied model
organism.
MATERIALS AND METHODS
Genome sequencing. Enteroaggregative E. coli (EAEC) strain 042 (O44:H18)
used in this study was originally isolated from a child with diarrhea in Lima, Peru.
The initial shotgun sequences were generated from 70,000 paired-end se-
quences by using dye terminator chemistry with ABI3700 automated sequencers.
The initial shotgun sequences were assembled by using PHRAP (www.phrap-
.org), and the sequence of the Flag-2 locus was checked by using GAP4 (http:
//staden.sourceforge.net).
Sequence analysis. The Flag-2 gene cluster was initially identified in the
unfinished genome of EAEC strain 042 by using BLASTP searches with E. coli
K-12 flagellar protein sequences against E. coli 042 GLIMMER (14)-predicted
coding sequences (CDSs) (available at http://vge.ac.uk/; genome sequence data
downloaded from http://www.sanger.ac.uk/ on 10 December 2003). Systematic
gene names are those provided by the Sanger Institute for the complete genome
of E. coli 042 (http://www.sanger.ac.uk/Projects/Escherichia_Shigella/). Subse-
quent BLASTP and PSI-BLAST searches of the nonredundant protein and
nucleotide databases (http://www.ncbi.nlm.nih.gov/) and unfinished microbial ge-
nomes (http://vge.ac.uk/) resulted in identification of equivalent gene clusters in
the complete genomes of Vibrio parahaemolyticus, Yersinia pestis strains KIM and
CO92, and Chromobacterium violaceum (10, 15, 36, 44), in the complete but
unannotated genome of Yersinia pseudotuberculosis (ftp://bbrp.llnl.gov/pub/cbnp
/y.pseudotuberculosis/), in the incomplete genome of Citrobacter rodentium
(http://www.sanger.ac.uk/Projects/C_rodentium/), and in previously annotated
clusters from Aeromonas species (19, 41).
When possible, comparative analyses of the regions surrounding and contain-
ing Flag-2 gene clusters were performed and visualized by using the coliBASE
server (http://colibase.bham.ac.uk) (13), and these analyses covered the complete
or nearly complete genome sequences of 12 Escherichia/Shigella strains, 11 Sal-
monella strains, and selected other bacterial pathogens; the organisms used
included the laboratory strains E. coli K-12 strain MG1655, E. coli K-12 strain
W3110, and E. coli strain DH10B; UPEC strain CFT073; enterohemorrhagic E.
coli O157:H7 strains EDL933 and RIMD 0509952 ( Sakai); EAEC strain 042;
enteropathogenic E. coli strain E2348/69; Shigella flexneri 2a strains 2457T and
301; Shigella dysenteriae strain M131649 ( M131); Shigella sonnei strain 53G;
Salmonella enterica serovar Typhi strains CT18 and Ty2; S. enterica serovar
Typhimurium strains LT2, DT104, and SL1344; Salmonella enteritidis strains LK5
and PT4; the lesser known salmonellae Salmonella bongori, Salmonella dublin,
Salmonella gallinarum strain 287/91, and Salmonella pullorum; Yersinia pestis
strains CO92 and KIM; Yersinia enterocolitica strain 8081; and C. rodentium (9,
15, 16, 24, 29, 40, 44, 46, 47, 53, 54).
Detailed analyses of the Flag-2 clusters of E. coli 042, V. parahaemolyticus, Y.
pestis strains KIM, CO92, and 91001, Y. pseudotuberculosis, C. violaceum, and C.
rodentium were carried out by using stand-alone BLAST (4) to confirm the
presence of positional orthologs and CLUSTALW (51) to align orthologous
protein sequences. When appropriate, E. coli 042 GLIMMER-predicted CDSs
were shortened to more closely match the gene lengths of corresponding or-
thologs from V. parahaemolyticus and Y. pestis genomes and to minimize the
overlap between adjacent genes. SEAVIEW (18) was used to visualize multiple
alignments, and ARTEMIS (49) was used to annotate the E. coli 042 Flag-2
region. Promoter and sigma factor binding sequences were predicted by using
promscan (http://www.promscan.uklinux.net/). All sequence analyses were car-
ried out with a Macintosh G5 computer.
Strains. The ECOR strain collection was kindly provided by Thomas Whittam
and has been described elsewhere (http://foodsafe.msu.edu/whittam/ECOR).
Representatives of other pathotypes, including NMEC (E. coli associated with
neonatal meningitis) strain RS218, EAEC strain 042, enterotoxigenic E. coli
strain H10407, EAEC strain EAEC25, UPEC strain CFT073, and E. coli strain
K-12 were kindly provided by Ian Henderson (University of Birmingham), while
an isogenic nontoxigenic derivative of the E. coli O157:H7 Sakai strain was a kind
gift from Chihiro Sasakawa (University of Tokyo).
PCR. Genomic DNA from each strain was extracted with a Puregene isolation
kit (Flowgen, Ashby-de-la-Zouch, United Kingdom) and was stored at 4°C.
Primers were designed by using the Primer3 software on the coliBASE server
(http://colibase.bham.ac.uk). Primer sequences are listed in Table 1. For short
PCRs, each 20-l reaction mixture contained 1 U of Taq polymerase (Invitrogen,
Renfrew, United Kingdom) in the buffer supplied by the manufacturer, 20 ng of
genomic DNA, and each deoxynucleoside triphosphate at a concentration of 250
M. The short PCR conditions were 30 cycles of 30 s at 94°C, 30 s at 62°C, and
TABLE 1. Primers used in this study
Primer Sequence (5–3) (forward) Sequence (5–3) (reverse)
fhiA-mbhA GTTGATCGCCAGAATCATCATC (FhiA-F) ATATTGCGGTTCTGGTCGTCTT (MbhA-R)
fhiA-flanking TGAAAGTCAGGTGGAAGTGGTC (LfhB-F) CCGATGGTCATCAGCACATACT (LfhA-R)
mbhA-flanking GGATGAGACGGGCTGATTTTAT (Lafu-F) GGGACGTTTTTAGGCGTCTTTA (Lafu-R)
Flg1 TTCAAACATATTGCGGTTCTGG GGCGTCACCATGACTTTTACC
Flg2 CGTCCTGAATTTTGCTCATCTG AGCAATGGAAGCTACCCTCAAG
Flg3 GTCATCCTCAGACAGCATCACC CGACAACCTGTATCTGGAAACC
Flg4 GAGGAAACCGAGTTGTCGTTCT GGTCGCAATCTGTGAGGAAATA
Flg5 GCTGATTTGCAGATTCAGAAAGG TGACAGCAAATAACGCAGTTCC
Flg6 TCTGCCGGAAAATATTCAATCC TTATTCCGCTGTGGAAAGATGA
Flg7 GTTGAGGATCCCCTGCAACAT TCATCAGAATCAGCACCTGGAT
Flg8 CCGGGGATATTTTACCCATCTC CCCCCATAATCTTCAACTCCAG
Second fliC CAAAAGGCGTGCCAATATTTTT AAACGATTAATCCCAAGGAGCA
Nested fliC CCGTTAATGCAATCAGCAAAAG GGACATGCTGTTGGACTGTTTC
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30 s at 72°C, followed by a 7-min extension at 72°C. Long PCRs were performed
by using TaKaRa LA Taq (Cambrex Bio Science, Wokingham, United Kingdom)
in the buffer supplied by the manufacturer. Each 25-l long PCR mixture con-
tained 60 ng of genomic DNA, 5 pmol of each primer, each deoxynucleoside
triphosphate at a concentration of 250 M, and 1 U of TaKaRa LA Taq; the
reaction conditions were 30 cycles of a two-step program consisting of 20 s at
96°C and 10 min at 69°C, with a 10-min extension at 72°C. The long PCR
fragments were analyzed by electrophoresis by using a 0.5% agarose gel, while
the short PCR products were analyzed on a 1.0% agarose gel.
We employed a three-stage PCR strategy to scan isolates for the Flag-2 cluster.
Initially, primers FhiA-F and MbhA-R were applied to our strain collection (the
ECOR collection supplemented with selected pathogenic strains) in a conven-
tional short PCR to detect the K-12-like fhiA-mbhA genotype. Next, primer pairs
LfhB-F plus LfhA-R and LafU-F plus LafT-R were applied to all strains to
detect the pairs of genes at the ends of the 042 Flag-2 cluster. Finally, tiling path
PCR, which was described in a previous paper (48), was used to obtain a
complete tiling path through the gene cluster in all 15 Flag-2-positive ECOR
strains. In this study, long PCR primers were designed to amplify eight 5-kb
fragments spanning the whole35-kb cluster, with each fragment overlapping its
neighbors by a few hundred base pairs (Table 1 and Fig. 1C). Any negative
FIG. 1. (A) Schematic representation of the Flag-2 gene cluster in E. coli 042. The 48.8-kb region between nucleotide positions 281000 and
329800 from the finished genome of E. coli 042 is indicated by a solid black line. GLIMMER-predicted CDSs are indicated by arrows approximately
to scale and colored according to operon and function. Flag-2 genes are designated according to the scheme proposed in this paper. Nt, nucleotides.
(B) Schematic representation of the Flag-2 gene clusters of other bacteria. The solid black lines indicate the genome fragments in E. coli K-12 strain
MG1655 (11.4 kb), S. enterica serovar Typhi Ty2 (4.9 kb), V. parahaemolyticus (11.7-kb region 1 and 23.2-kb region 2 from chromosome 2), Y. pestis
CO92 (44.4 kb), and Y. pestis KIM (28.5 kb) that are equivalent to the lateral flagellar cluster of E. coli 042. E. coli K-12 and S. enterica serovar
Typhi Ty2 are representative of other sequenced E. coli strains and S. enterica strains, respectively (data not shown). The dotted lines indicate
deletions or missing genes relative to the E. coli 042 Flag-2 gene cluster. CDSs are indicated by arrows colored according to the E. coli 042 scheme
shown in panel A. CDSs that are insertions (IS) relative to the E. coli 042 genome are indicated by arrows below the backbone. (C) Tiling path
PCR used to map the Flag-2 gene cluster of E. coli strains. Primers and their orientations are indicated by small triangles. The red triangles indicate
the lfhA-lafU primers used to confirm the absence of the lateral flagellar cluster in E. coli strains. The orange and blue triangles indicate the lfhAB
and lafTU primers, respectively, that were used to confirm the presence of genes between lfhA and lafU. E. coli strains suspected of harboring a
Flag-2 gene cluster were further analyzed with primer sets 1 to 8 (lines with triangles at each end) by using long-range PCR to determine the tiling
path. ECOR strains that were found to harbor the Flag-2 gene cluster could be divided into four types, type 1 (ECOR4, -49, and -50), type 2
(ECOR-1, -3, -5, -12, -17, -24, -64, -65, -67), type 3 (ECOR-35 and -36), and type 4 (ECOR48), according to the tiling path. Successful long-range
PCRs of fragments 1 to 8 (approximately 5 kb each) are indicated by solid black lines. Unsuccessful PCRs are indicated by dotted lines. The red
lines indicate cases in which long-range PCR with complementary primers from adjacent successful amplifications was used to span regions that
could not be amplified.
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results obtained by the long PCR were followed up by deletion scanning long
PCRs as described previously (48).
Amplification and sequencing of Flag-2 flagellin genes. We attempted to PCR
amplify the Flag-2 flagellin gene, lafA, from each Flag-2-positive strain. Primers
patterned on the sequences flanking the EAEC 042 lafA gene were used to
amplify 1-kb PCR products (Table 1). The amplicons were purified by using a
PCR purification kit (QIAGEN, Crawley, United Kingdom) and were sequenced
directly with nested primers.
Nucleotide sequence accession number. The sequence and annotation of the
Flag-2 cluster from E. coli 042 have been deposited in the EMBL database under
accession number CR753847.
RESULTS
The E. coli 042 genome contains a cluster of 44 genes that
are predicted to encode a novel, second flagellar system. Ini-
tially, we confirmed that strain 042 possessed the same four
conventional flagellar gene clusters as strain K-12 (data not
shown). We then compared the fhiA-mbhA pseudogene cluster
from the K-12 genome to the homologous region of the ge-
nome of strain 042. We were surprised to discover a large
region in which there were differences between the two strains;
in 042, intact versions of these genes represent the boundaries
of a cluster of 44 genes that has apparently been deleted in the
lineage leading to K-12 (i.e., 042, not K-12, represents the
ancestral state). More surprising is the realization that this
cluster apparently encodes an entire second flagellar system
(Fig. 1A), which is referred to here as Flag-2 to distinguish it
from the conventional peritrichous system, which we desig-
nated Flag-1.
BLAST searches of the nonredundant GenBank databases
showed that E. coli 042 Flag-2 genes are more similar to lateral
flagellar genes found in V. parahaemolyticus and Y. pestis than
to the conventional Flag-1 genes found in other E. coli strains
and E. coli 042 itself. V. parahaemolyticus has been shown to
have a lateral flagellar system encoded by (at least) 37 genes in
five operons arranged in two clusters, in addition to a polar
flagellar system (50). E. coli 042 Flag-2 contains positional
orthologs of all V. parahaemolyticus lateral flagellar genes ex-
cept motY. In addition, there is a conserved operon structure,
but there is one salient difference: the genes form a single
cluster in E. coli 042 but form two well-separated clusters in V.
parahaemolyticus (Fig. 1B).
Although it might be premature to assume that the Flag-2
flagellar system produces lateral flagella, we adopted a lateral
flagellar nomenclature for Flag-2 that is easily comparable to
that used for the well-established Flag-1 flagellar system and is
compatible with the requirements of genome annotation (Ta-
ble 2). Genes with fli, flg, and flh prefixes in the Flag-1 system
have prefixes of lfi, lfg, and lfh, respectively, in Flag-2-like and
lateral flagellar systems (e.g., LfiM is the Flag-2 or lateral
flagellar homolog of FliM). This nomenclature is consistent
with that used for a previous V. parahaemolyticus GenBank
submission (accession no. U51896), as well as a recent submis-
sion by Stewart et al. (accession no. AY225128). In the latter
case a different nomenclature was used in the accompanying
publication (genes were designated with reference to the polar
flagellar nomenclature, so that fliML was equivalent to the
polar flagellar gene fliM) (50), but this system is not easily
adapted for use in standard sequence file formats. Importantly,
the homologs of Flag-1 genes fliCDSTKLA and motAB are
designated lafABCDEFSTU, which is consistent with the first
description of lateral flagellar genes (38) (accession no. gb:
U52957) and subsequent descriptions of Aeromonas lateral
flagellar clusters (32). Additional genes that were found to be
associated with Flag-2 loci but not with Flag-1 loci are referred
to as laf genes, as with the regulatory protein LafK encoded by
the V. parahaemolyticus Flag-2 system (50).
Flag-2 is not present in other Escherichia/Shigella and Sal-
monella strains whose genomes have been sequenced. We were
interested to see if there was any evidence of Flag-2 in other
strains of Escherichia/Shigella and S. enterica. In E. coli K-12
strain MG1655 fhiA and mbhA are positioned between yafM
and dinP, and they exhibit 95% nucleotide identity with lfhA
and lafU of E. coli 042 Flag-2, respectively, suggesting that they
are in fact remnants of an ancestral Flag-2 locus (Fig. 1B). We
propose that fhiA and mbhA should be renamed lfhA and lafU
and reannotated as pseudogenes in recognition of this rela-
tionship.
Both K-12 strain MG1655 lfhA and lafU appear to have been
truncated such that the first 391 and 189 nucleotides of E. coli
042 lfhA and lafU, respectively, do not match sequences any-
where in the K-12 genome. This places the predicted site of
deletion of the Flag-2 cluster at nucleotide 250060 of the K-12
strain MG1655 genome. This point of deletion is also found in
all other available Escherichia/Shigella genome sequences;
more specifically, it occurs in E. coli K-12 strain W3110,
enteropathogenic E. coli strain E2348/69, strain DH10B,
O157:H7 strains EDL933 and RIMD 0509952 ( Sakai),
UPEC strain CFT073, S. flexneri 2a strains 301 and 2457T, and
S. sonnei 53G. Strain DH10B also has a frameshift mutation
within lfhA. These results suggest that the entire Flag-2 locus
was originally present in the last common ancestor of the
species. It is not clear why the deletion occurred. However, the
ends of the deletion correspond exactly to the 17- or 25-bp
direct repeat GTNGATNNTCANCAGNNTNA(N)TAAA,
which does not appear anywhere else in the E. coli 042 ge-
nome. It is possible that recombination between the repeats
may have been responsible for the deletion.
All 11 S. enterica genomes surveyed lack counterparts of the
lfhA and lafU genes (Fig. 1B). The S. enterica genomes also
lack yafL and yafM, but they do contain full-length divergently
transcribed dinP and yafK genes (Fig. 1B). In contrast to se-
quenced Escherichia/Shigella strains, this genetic arrangement
suggests that S. enterica probably never possessed a Flag-2
locus. The hypothesis that Escherichia/Shigella acquired Flag-2
by lateral gene transfer after divergence from S. enterica is
supported by the observation that yafM encodes a protein with
significant similarity to transposases and inactivated derivatives
(data not shown).
The E. coli 042 Flag-2 cluster is very similar to the V. para-
haemolyticus lateral flagellar system. The majority of E. coli
042 Flag-2 protein sequences exhibit 25 to 58% amino acid
identity with the orthologous proteins in the V. parahaemolyti-
cus lateral flagellar system (36, 50), and the average level of
identity is around 40%. In contrast, LfgA, LfgM, and LfgN (the
P-ring addition, anti-28, and chaperone proteins, respectively)
are more divergent, exhibiting 25% identity. FlgM and FlgN
show similar high variability and compositional bias across the
full range of flagellar diversity. LfiM and LfiJ (export and
assembly proteins) and LafD and LafF (a chaperone protein
and a protein with an unknown function, respectively) were not
VOL. 187, 2005 Flag-2 FLAGELLAR CLUSTER FROM E. COLI 1433
 o
n
 O
ctober 13, 2015 by University of Queensland Library
http://jb.asm.org/
D
ow
nloaded from
 
detected in TBLASTN searches with V. parahaemolyticus pro-
teins against the E. coli 042 Flag-2 region, but positional or-
thologs were identified by using PSI-BLAST.
lfgC is a pseudogene in E. coli 042. In most cases, the GLIM-
MER-predicted CDSs in the E. coli 042 sequence closely
matched the lengths of their counterparts in V. parahaemolyti-
cus, although there are minor discrepancies in the predicted
start codons for lfiG, lfgA, lfgB, lfgG, lfgL, and lafU (data not
shown). However, the lfgC gene from 042 is over 40 codons
shorter than its homologs in other systems. A TBLASTN
search of the E. coli 042 Flag-2 region with V. parahaemolyticus
FlgC indicated that there is a frameshift mutation in E. coli 042
lfgC. A run of three GC dinucleotide repeats is present up-
stream of the 042 lfgC open reading frame, but if one repeat is
removed, a full-length lfgC gene is discernible, and it exhibits a
high level of identity with V. parahaemolyticus lfgC over its
entire length. The lfgC gene encodes a FlgC-like proximal rod
protein and so is likely to be essential for the production of
Flag-2 flagella by E. coli 042. In other words, and consistent
with our inability to elicit swarming motility in E. coli 042 (data
not shown), this frameshift probably inactivated the Flag-2
system in this strain.
Evidence that the Flag-2 system might be RpoN regulated.
V. parahaemolyticus contains an RpoN-dependent regulator,
TABLE 2. Flag-2 nomenclature
Nomenclature
Gene E. coli 042a E. coli K-12b V. parahaemolyticusc Y. pestisd A. hydrophilae Predicted function
lfhA Ec042-0245 fhiA flhAL YPO0703 Export, assembly
lfhB Ec042-0246 flhBL flhB Export, assembly
lfiR Ec042-0247 fliRL fliR Export, assembly
lfiQ Ec042-0248 fliQL fliQ Export, assembly
lfiP Ec042-0249 fliPL fliP Export, assembly
lfiN Ec042-0250 fliNL fliN Switch (C ring)
lfiM Ec042-0251 fliML fliM Switch (C ring)
lafK Ec042-0252 lafK YPO0712 Regulatory
lfiE Ec042-0253 fliEL fliE Basal body component
lfiF Ec042-0254 fliFL fliF M ring
lfiG Ec042-0255 fliGL fliG Switch (C ring)
lfiH Ec042-0256 fliHL fliH Export, assembly
lfiI Ec042-0257 fliIL fliI Export, assembly
lfiJ Ec042-0258 fliJL YPO0718 Export, assembly
Ec042-0259 Cytidylyltransferase
Ec042-0260 Glycosyl transferase
lafV Ec042-0261 fliU-like Lysine-N-methylase
lfgN Ec042-0262 flgNL flgN flgN Chaperone
lfgM Ec042-0263 flgML flgM flgM Anti 
28
lfgA Ec042-0264 flgAL flgA flgA P-ring addition
lfgB Ec042-0265 flgBL flgB flgB Rod
lfgC Ec042-0266 flgCL flgC flgC Rod
lfgD Ec042-0267 flgDL flgD flgD Rod
lfgE Ec042-0268 flgEL flgE flgE Hook
lfgF Ec042-0269 flgFL flgF flgF Rod
lfgG Ec042-0270 flgGL flgG flgG Rod
lfgH Ec042-0271 flgHL flgH flgH L ring
lfgI Ec042-0272 flgIL flgI flgI P ring
lfgJ Ec042-0273 flgJL flgJ flgJ Peptidoglycan hydrolase
lfgK Ec042-0274 flgKL flgK flgK Hook-associated protein 1
lfgL Ec042-0275 flgLL flgL flgL Hook-associated protein 3
lafW Ec042-0276 VPA0275 VPO0734 Possible hook-associated protein
Ec042-0277 Unknown (COG4683)
Ec042-0278 Regulator
lafZ Ec042-0279 VPO0736 Transmembrane regulator
lafA Ec042-0280 lafA flaA1 lafA Flagellin
lafB Ec042-0281 lafB fliD lafB Hook-associated protein 2
lafC Ec042-0282 lafC fliS lafC Chaperone
lafD Ec042-0283 lafD YPO0742 lafX Chaperone
lafE Ec042-0284 lafE YPO0743 lafE Hook length control
lafF Ec042-0285 lafF YPO0744 lafF Unknown
lafS Ec042-0286 lafS fliA lafS 28
lafT Ec042-0287 lafT motA lafT H motor protein A
lafU Ec042-0288 mbhA lafU motB lafU H motor protein B
a E. coli 042 systematic gene names according to genome annotation (http://www.sanger.ac.uk/Projects/Escherichia_Shigella/).
b E. coli K-12 strain MG1665 gene designations according to the completed genome sequence (2).
c V. parahaemolyticus gene designations according to the completed genome sequence (2) and the nomenclature suggested by Stewart and McCarter (50).
d Y. pestis CO92 gene designations according to the completed genome sequence (46).
e A. hydrophila gene designations according to accession numbers AY028400 (41) and AY129558 (3). Note that the flg genes are also required for polar flagellar
expression and are more closely related to E. coli Flag-1 flagellar genes than to the lfg genes found in E. coli 042, Y. pestis, and V. parahaemolyticus.
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LafK, that is required for the expression of lateral flagellar
early genes (50). RpoN has not previously been shown to be
required for E. coli flagellar systems, so we were interested to
see if there was any evidence that the Flag-2 system might be
regulated in this manner. As expected, the LafK homolog in
Flag-2 contains a full-length Pfam:Sigma54 activat domain
(9.2e-113). Furthermore, we identified consensus 54 sites (T
GGCAC-N5-TTGC) upstream of both lfgB and lafB transla-
tion start codons, as found in V. parahaemolyticus (50). To-
gether, these findings suggest that the Flag-2 system is RpoN
dependent.
In V. parahaemolyticus the central chemosensory elements
are shared by both polar and lateral flagellar systems (50).
Similarly, E. coli 042 Flag-2 does not encode the normal com-
plement of chemotaxis proteins normally found associated with
polar flagellar systems, so it is likely that it too shares chemo-
sensory functions with the Flag-1 flagellar system. Despite
these similarities, it appears that the regulation of Flag-2-like
flagellar gene expression may differ substantially in V. parah-
aemolyticus and E. coli 042. In V. parahaemolyticus there is a
consensus 54 site upstream of the lateral flagellar motY gene;
however, this gene is not present in E. coli 042 Flag-2, and no
consensus 54 site was identified in this region. Interestingly, V.
parahaemolyticus LafK contains a CheY-like receiver domain
at its N terminus, whereas E. coli 042 LafK (and Y. pestis LafK
homologs) has no such domain and consequently is 100 amino
acids shorter.
The E. coli 042 Flag-2 locus contains nonflagellar genes.
Two additional CDSs are found between lfiJ and lfgN in the E.
coli 042 Flag-2 cluster that are not found in the V. parahaemo-
lyticus or Y. pestis genomes (Fig. 1B). The predicted coding
sequence immediately adjacent to lfiJ (Ec042-0259) encodes a
135-residue homolog of cytidylyltransferase (residues 5 to 130
match Pfam:CTP_transf_2; 1.00e-6). In BLASTP searches of
the nonredundant protein database of the National Center for
Biotechnology Information (nr) with Ec042-0259, known and
putative glycerol-3-phosphate cytidylyltransferases were found
with high significance (gi 46914301; 59% identity; 1e-39).
Ec042-0260 encodes an 823-residue protein with an N-terminal
glycosyl transferase domain (residues 44 to 217 match Pfam:
Glycos_transf_2; 1.40e-13) and a C-terminal glycerolphospho-
transferase domain (residues 647 to 835 match Pfam:glyphos-
_transf; 4.60e-3). This domain organization is shared by more
than 20 other proteins, including the minor teichoic acid bio-
synthesis protein encoded by ggaB of Bacillus subtilis and the
teichoic acid biosynthesis protein encoded by tagF of Staphy-
lococcus epidermidis. Genes that are homologs of Ec042-0259
and Ec042-0260 are often found together as part of capsular
polysaccharide biosynthesis gene clusters. It is possible that
these genes may be responsible for posttranslational modifica-
tion of the flagellar proteins, such as the glycosylation demon-
strated to occur on the Aeromonas lateral flagella (20).
Two further predicted coding sequences with no counter-
parts in the V. parahaemolyticus lateral gene flagellar system
are found between lfgL and lafA in the E. coli 042 Flag-2
cluster. Ec042-0277 encodes a 115-residue protein with simi-
larity to other bacterial proteins with an unknown function
(COG4683). Ec042-0278 encodes a 100-residue protein that
contains a helix-turn-helix domain (residues 32 to 86 match
Pfam:HTH_3; 5.20e-12) and exhibits high amino acid identity
(50%) with several other putative transcriptional regulators.
E. coli 042 Flag-2 contains three genes that are conserved in
other similar flagellar gene clusters. Situated between Ec042-
0260 and lfgN is a gene predicted to encode a 323-residue
protein with significant similarity as determined by BLASTP
analysis against nr to a hypothetical protein from Y. pestis KIM
(E value, 1e-4) and two S. enterica FliB proteins (E value,
2e-4). FliB is a lysine-N-methylase that is required for post-
translational methylation of lysine residues in the flagellin of S.
enterica but is not found in E. coli (12). The fliB gene is
normally found adjacent to fliA, and in some S. enterica strains
FliB has been found to be encoded by two adjacent genes
(fliUV) (17). Interestingly, there has been a report that Aero-
monas punctata has a fliU-like gene (gb AAK57643) in a clus-
ter with lafA1, lafA2, and lafB, although the lack of this gene
did not noticeably affect swarming or swimming motility (32).
No such homolog could be identified in the lateral flagellar
clusters of V. parahaemolyticus or Y. pestis, although a homolog
was found in the C. rodentium Flag-2 cluster (see below). We
predict that a FliB homolog is a novel component of some
Flag-2-like flagellar systems and propose the designation lafV
for the gene that encodes it.
Immediately downstream and in the same orientation as lfgL
is a gene predicted to encode a 325-residue protein with sig-
nificant similarity to hypothetical proteins encoded in Flag-2-
like flagellar gene clusters in Y. pestis, Y. pseudotuberculosis, C.
violaceum, and V. parahaemolyticus. Interestingly, the homolog
from V. parahaemolyticus is annotated a putative flagellin. A
PSI-BLAST search with this sequence did indeed find flagellin
proteins, albeit with low significance. Therefore, this protein is
conserved in several Flag-2-like flagellar systems, and we pro-
pose the designation lafW for the gene that encodes it. Given
that FlgL and FliC are paralogous, the low-significance
matches to flagellin suggest that LafW may represent a novel
hook-associated protein, like that encoded by the adjacent lfgL
gene.
Upstream and divergent from lafA is a predicted coding
sequence for a 298-residue protein with an N-terminal tran-
scriptional regulator domain (residues 40 to 115; Pfam:trans_
reg_C; expect value, 8.10e-10) and a predicted membrane-
spanning region (residues 160 to 182). In BLASTP searches
against nr several putative transcriptional regulators were
found, along with several other regulators with known func-
tions (notably, Vibrio cholerae ToxR). Intriguingly, homologs
were found in syntenic locations in Y. pestis KIM and CO92, Y.
pseudotuberculosis, and C. rodentium. We propose that this
putative transmembrane transcriptional regulator could be in-
volved in Flag-2 gene expression, and we designated the cor-
responding gene lafZ.
Sequenced strains of Y. pestis each have a single Flag-2-like
flagellar gene cluster. Both the annotated Y. pestis genomes
(CO92 [46] KIM [15]) and the completed but unpublished Y.
pestis biovar Mediaevalis strain 91001 genome (gb:NC_005810)
have predicted Flag-2-like flagellar gene clusters (Fig. 1B and
Table 2). In common with E. coli 042 and in contrast to V.
parahaemolyticus, all three Y. pestis genomes encode the Flag-2
system in a single locus. However, this locus is present at a
different chromosomal location than its equivalent in E. coli
042. In nearly all cases, the amino acid identity between Flag-2
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orthologs is10% higher between Y. pestis and E. coli 042 than
between V. parahaemolyticus and E. coli 042, suggesting that
there is less evolutionary distance between the former Flag-2
clusters than between the latter clusters. Ec042-0259, Ec042-
0260, Ec042-0277, Ec042-0278, and lafV are not found in either
strain, but both KIM and CO92 have copies of lafW and lafZ in
the appropriate locations. Interestingly, Y. pestis CO92 has
three sequential copies of lafA that appear to have arisen via
gene duplication. None of the Y. pestis genomes appears to
have a functional Flag-2 cluster (Fig. 1B); all three contain a
frameshift mutation in lfhA that should truncate LfhA to 432
residues. KIM also has a 14.9-kb deletion that includes the
entire lafBCDEFSTU locus and several non-Flag-2 genes be-
tween lafA and a pair of transposase genes, y3440 and y3439;
CO92 has a small insertion of a few hundred nucleotides in the
middle of lfgF; and 91001 has a frameshift mutation in lfgL that
should lead to a severe truncation of LfgL.
Flag-2-like flagellar loci in C. violaceum, C. rodentium, and Y.
pseudotuberculosis. We were interested to see if Flag-2-like
flagellar genes could be identified in any additional bacterial
genome sequences. We identified Flag-2-like flagellar loci us-
ing two broad criteria: (i) higher sequence identity with the E.
coli 042 Flag-2 genes than with the E. coli K-12 Flag-1 genes
and (ii) a conserved genetic organization, with five operons
showing a conserved gene order arranged in one or two gene
clusters (in contrast to the typical four or five clusters encoding
Flag-1). In addition, we used two more focused criteria, ab-
sence of an fliO homolog and presence of lafV, lafY, and lafZ
homologs.
We identified Flag-2-like flagellar loci in the genomes of C.
violaceum, C. rodentium, and Y. pseudotuberculosis. Each ge-
nome also encoded a complete Flag-1-like system, and there
were some minor differences between the Flag-2 systems; the
most extreme of these differences was that the C. violaceum
system did not appear to be RpoN dependent. C. rodentium is
a close relative of E. coli and has been used as a model to study
type III secretion (reviewed in reference 33). Although the
genome sequence is not yet complete, the content and orga-
nization of the C. rodentium Flag-2 cluster are indistinguish-
able from those of the E. coli 042 cluster, and there are high
levels of nucleotide identity (80 to 90%) across the entire
cluster. Furthermore, the cluster is located in the same position
relative to the genomic backbone, suggesting that the Flag-2
cluster was acquired by a common ancestor prior to the diver-
gence of the Escherichia and Citrobacter clades. Interestingly,
the C. rodentium Flag-2 cluster lacks the inactivating frameshift
mutation in lfgC found in the 042 Flag-2 cluster.
Similarly, the Y. pseudotuberculosis Flag-2 cluster is very
similar to the Y. pestis cluster and occurs at the same chromo-
somal location, although this is not surprising as Y. pestis is a
recently derived clone of Y. pseudotuberculosis (1). Intriguingly,
Y. pseudotuberculosis possesses full-length copies of lfhA, lfgF,
and lfgL, suggesting that the Flag-2 system may be functional in
this organism. Also, curiously, the Y. enterocolitica 8081 ge-
nome does not appear to encode a Flag-2 system; this system
appears to have been lost due to a 100-kb deletion (data not
shown).
The Flag-2 cluster is present in around 20% of E. coli
strains. Next, we wished to determine the distribution of the
Flag-2 gene cluster among a larger collection of Escherichia
strains. PCR across the fhiA-mbhA boundary was positive for
58 strains (80%) from the well-characterized ECOR collec-
tion, showing that they all possessed the same two-gene scar
seen in K-12. Fifteen ECOR strains (20%) were negative in
this PCR (ECOR-1, -3, -4, -5, -12, -17, -24, -35, -36, -48, -49,
-50, -64, -65, and -67) (Table 3), suggesting that they might
harbor the full Flag-2 cluster at this site (Fig. 2A). A second
round of PCRs targeting pairs of genes at either end of the full
Flag-2 cluster provided complementary results (i.e., negative
for the 58 strains with the K-12 Flag-2 genotype and positive
for the 15 strains with the 042 Flag-2 genotype) (Fig. 2B).
These results were consistent with the hypothesis that the full
Flag-2 cluster was present in the last common ancestor of all E.
coli strains and, although it has been lost from most strains, it
has been retained in a sizable minority (around one-fifth) of E.
coli isolates. Curiously, similar short PCR surveys applied to
four Escherichia spp. other than E. coli (Escherichia blattae,
Escherichia fergunsonii, Escherichia hermannii, and Escherichia
TABLE 3. E. coli strains from the ECOR collection that possess an apparently intact Flag-2 gene clustera
Isolate Group Ob Hb Host Locale Clinical statusc ETT2 genotype
ECOR-1 A ON HN Human (female, 19 yr) Iowa Healthy Partial
ECOR-3 A O1 NM Dog Massachusetts Healthy Partial
ECOR-4 A ON HN Human (female, 5 yr) Iowa Healthy Absent
ECOR-5 A O79 NM Human (female, 56 yr) Iowa Healthy Partial
ECOR-12 A O7 H32 Human (female) Sweden Healthy Partial
ECOR-17 A O106 NM Pig Indonesia Healthy Partial
ECOR-24 A O15 NM Human (female) Sweden Healthy Partial
ECOR-35 D O1 NM Human (female, 36 yr) Iowa Healthy Partial
ECOR-36 D O79 H25 Human (female, 20 yr) Iowa Healthy Partial
ECOR-48 D ON HM Human (female) Sweden UTI (C) Complete
ECOR-49 D O2 NM Human (female) Sweden Healthy Complete
ECOR-50 D O2 HN Human (female) Sweden UTI (P) Complete
ECOR-64 B2 O75 NM Human (female) Sweden UTI (C) Absent
ECOR-65d B2 ON H10 Celebese ape Washington Healthy Absent
ECOR-67 B1 O4 H43 Goat Indonesia Healthy Partial
a The information is adapted from information on the ECOR website (http://foodsafe.msu.edu/Whittam/ecor/).
b ON and HN, nontypeable with standard antisera; NM, nonmotile strain. HM indicates a form of nontypeable motile strain in which multiple H antisera reacted.
c UTI, symptomatic urinary tract infection (C, acute cystitis; P, acute pyelonephritis).
d Isolate from a 200 animal.
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vulneris) showed that all four of them possessed the K-12-like
genotype (data not shown).
Next, we used tiling path PCR to obtain a complete tiling
path through the entire Flag-2 locus for the 15 ECOR strains
of interest plus strain 042. Eight pairs of long PCR primers
were used to survey the 35-kb cluster. Most PCRs were
positive for all 15 strains (Fig. 1C). Any negative results were
followed up by deletion-scanning PCRs with the primers flank-
ing the negative regions (Fig. 1C and Fig. 3). Surprisingly, in
contrast to our experience with the ETT2 gene cluster, we
could not detect any large-scale insertions, deletions, or rear-
rangements in any of the Flag-2 clusters from the 15 ECOR
strains compared to the 042 genotype (Fig. 1C).
Lack of sequence polymorphism in the Flag-2 flagellin. As it
is known that there is considerable sequence polymorphism in
the flagellin genes associated with the Flag-1 system, we were
interested in determining whether similar variability occurred
in the Flag-2 lafA flagellin genes (52). Using primers patterned
on the genes flanking the E. coli 042 lafA sequence (Table 1),
we successfully amplified and sequenced the central two-thirds
of the lafA genes from 11 of the 15 Flag-2-positive ECOR
strains (ECOR-4, -17, -24, -35, -36, -48, -49, -64, -65, and -67).
The ECOR lafA sequences all exhibited 95% nucleotide
identity. Three sequences each had a single nonsynonymous
substitution, although each of the substitutions was a conser-
vative amino acid change, whereas the remaining nucleotide
differences were silent.
DISCUSSION
The discovery of the Flag-2 gene cluster in E. coli resulted in
several surprises. Given the status of E. coli as a model organ-
ism, it is remarkable to discover a new flagellar gene cluster in
this species, especially one associated with a novel, self-con-
tained, but previously unsuspected flagellar system that is
probably RpoN dependent. Also surprising is the realization
that this system appears to have been present in the ancestor of
all E. coli cells.
These observations are relevant to the study of model or-
ganisms; they cast doubt on the wisdom of ever considering a
single strain, such as K-12, as the archetype for a whole species.
Furthermore, they emphasize the need to adopt a historical
and comparative viewpoint when genomes are annotated, so
that genes such as fhiA and mbhA that represent remnants of
larger gene clusters can be recognized as such and appropri-
ately annotated as pseudogenes.
Several points spring to mind about the evolution of this
gene cluster. The locus occurs at the same location in the E.
coli and C. rodentium genomes, suggesting that it was present
in the ancestor of both species. However, its absence from
Salmonella suggests that it was acquired after these two species
diverged from Salmonella. This, combined with the presence of
a Flag-2-like locus in Yersinia at an entirely different site in the
genome, suggests that the cluster was acquired independently
at least twice by lateral gene transfer. This suggestion is sup-
ported by a striking property of the cluster: unlike the Flag-1
system, all the components for the Flag-2 system appear to be
encoded in a single large gene cluster, so that the entire self-
contained Flag-2 flagellar system could be acquired in a single
step. However, the mechanism of lateral gene transfer remains
FIG. 2. PCR scanning of all 72 ECOR strains plus E. coli RS218,
EAEC strain 042, E. coli CFT073, ETEC strain H10407, EAEC strain
25, E. coli K-12, and E. coli O157:H7 strain Sakai. PCR mixtures were
loaded on a 1.0% agarose gel with HyperLadder I MW markers (Bio-
line, London, United Kingdom). Lanes corresponding to Flag-2-posi-
tive strains are labeled according to ECOR strain number or patho-
type. (A) PCR scanning with primer fhiA-mbhA. A 600-bp PCR
product indicates that fhiA and mbhA are fused, as in E. coli K-12.
Negative results suggest the presence of intervening sequence between
fhiA and mbhA. (B) PCR scanning with primer fhiA-flanking. An
1,000-bp PCR product indicates the presence of a full-length lfhA
gene, as in E. coli 042.
FIG. 3. Deletion-scanning PCR of all 15 ECOR strains for the
presence of the cluster. Lanes M1 and M2 contained a high-molecular-
weight DNA marker (Invitrogen); the positions of 15-, 20-, and 25-kb
markers are indicated on the right. The ECOR strain numbers (see
text and Table 3) are indicated at the top.
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unclear, although the similarities between YafM, encoded by a
gene at one end of the cluster, and transposases might provide
a clue.
Curiously, the majority of E. coli strains lack almost all
Flag-2 genes and possess an identical fusion (fhiA-mbhA) be-
tween the remnants of genes (lfhA and lafU) from either end of
the cluster. This might suggest that the cluster was deleted
once, in the ancestor of all such strains. However, a finding that
does not support this idea is the lack of congruence between
the distribution of intact or deleted Flag-2 clusters and the
accepted phylogenetic structure of E. coli, as defined by mul-
tilocus enzyme electrophoresis (25) (i.e., division into the A,
B1, B2, and D clades). Intact Flag-2 clusters are more common
in the A clade but are nonetheless scattered throughout all
four subdivisions, scuppering any attempt to link the Flag-2
genotype with the lines of phylogenetic descent. One possible
explanation is that recombination has occurred between strains
at this locus, purging most of them of the Flag-2 cluster and
overwriting any phylogenetic signal.
So far, we have not detected a phenotype in enteroaggrega-
tive E. coli strain 042, whose genome has been sequenced, that
could be ascribed to the Flag-2 cluster; for example, this strain
did not show swarming behavior in our hands (data not
shown). This is not too surprising, as we discovered a frame-
shift in one important gene, lfgC, that was almost certain to
have inactivated the system. However, we did not detect any
other inactivating mutations in the Flag-2 cluster in this strain,
suggesting that the Flag-2 system was active in the recent past.
Indeed, we cannot rule out adaptation to the laboratory envi-
ronment as the cause of loss of Flag-2 function in this strain.
The fact that the Flag-2 system has been inactivated in all
Escherichia/Shigella strains whose genomes have been se-
quenced, whether through a large deletion or, in the case of
042, through a frameshift mutation, provoked comparison with
other pathogens that have lost motility functions (e.g., loss of
Flag-1 function in Shigella, loss of both Flag-1 and Flag-2-like
systems in Y. pestis, and loss of flagellar motility in Bordetella
pertussis) (2, 45, 46). It is tempting to speculate that similar
immune selective pressures provide a common explanation,
given that flagellin is so highly visible to the innate immune
system through its interactions with Toll-like receptor 5 (23).
However, the frequent loss of the Flag-2 system may simply
reflect the energy costs of producing a large multiprotein or-
ganelle in niches where it provides no selective advantage.
Although we have yet to find a strain with an active Flag-2
system, a number of pertinent structural and functional pre-
dictions can be made about the system upon scrutiny of the
gene cluster. By analogy with related systems in Vibrio and
Aeromonas, one could anticipate some distinctive features that
distinguish Flag-2 from the conventional Flag-1 system; for
example, its smaller flagellin could assemble into filaments
thinner than conventional flagella (7, 32). One could also ex-
pect the Flag-2 system to mediate swarming motility and to be
activated under high-viscosity conditions (5, 32). Other roles
might include biofilm formation, cell-cell linkage, surface col-
onization, and adhesion to and invasion of eukaryotic cells.
One might even anticipate a role in gut colonization and/or
virulence.
The distribution of the Flag-2 filaments is likely to differ
from the peritrichous distribution seen with the Flag-1 system.
All previously characterized Flag-2-like systems are lateral
flagellar systems (7, 32). However, all known lateral systems
occur in association with polar flagella rather than peritrichous
flagella, which are characteristic of Flag-1; thus, given this
discrepancy, it is perhaps premature to assume that the Flag-2
system in E. coli necessarily produces flagella with a lateral
distribution. For this reason, we adopted the Flag-2 designa-
tion rather than simply calling this system the E. coli lateral
flagellar system (even though that is what it might turn out to
be). By analogy with the Vibrio lateral flagellar system, Flag-2
is likely to be proton driven (6). This suggests an intriguing
difference between the Flag-1–Flag-2 combination in E. coli
and the lateral-polar combination in Vibrio; in E. coli strains
that possess an intact Flag-2 system, two proton-driven flagel-
lar systems might coexist in the same cell, whereas in the
lateral-polar arrangement, one system is proton driven and the
other is driven by sodium ions (6).
Another striking feature of the Flag-2 system is the lack of
variability in the sequence of its flagellin, LafA; this distin-
guishes it from Flag-1, in which there are numerous antigeni-
cally distinct H types associated with sequence polymorphisms
in the surface-exposed D2 and D3 domains of the Flag-1 flagel-
lin, FliC (52). Indeed, it is interesting that identical Flag-2 lafA
sequences are distributed among ECOR strains with various H
types (Table 3). This hints at differences in the selective pres-
sures exerted on the two systems by the acquired immune
system or by other pressures driving flagellar diversity.
Analysis of the Flag-2 gene cluster allows several conclusions
to be drawn about the regulation of Flag-2 gene expression and
biosynthesis of the second flagellar system in E. coli. The most
remarkable inference, based on the presence of LafK and
some RpoN consensus-binding sites, is that this system is likely
to be RpoN dependent. The Flag-1 system appears to be in-
creasingly unusual among bacterial flagellar systems in its lack
of dependence on RpoN. If proven, the RpoN dependence of
Flag-2 would therefore provide a fundamental link between
flagellar biosynthesis in E. coli and many other RpoN-depen-
dent flagellar systems. Furthermore, it might enable molecular
dissection of the role of RpoN in flagellar gene expression in a
tractable host.
Another prediction is that like the lateral flagellar systems of
Vibrio and Aeromonas, the E. coli Flag-2 system utilizes its own
flagellar sigma-antisigma combination, encoded by homo-
logues of FliA (LafS) and FlgM (LfgM). How regulation of
Flag-2 gene expression is coupled to global gene regulation is
less clear. It is likely to be coordinately regulated with Flag-1
and may exploit the same chemotaxis apparatus (it appears to
have none of its own). However, it may well be independent of
FlhCD, which are high-level regulators of the Flag-1 system, as
these regulators are absent from species that contain func-
tional Flag-2-like lateral flagellar systems (data not shown).
The Flag-2 gene cluster encodes all the components of a
flagellar type III secretion system (Table 2). If the Flag-2 gene
cluster does indeed encode a functioning flagellar system in
some strains, this would increase the number of distinct type
III secretion systems in Escherichia/Shigella to five. It is now
well established that there is regulatory cross talk between
some of these systems (48). The discovery of the Flag-2 cluster
in 20% of E. coli strains increases the potential for this phe-
nomenon, particularly as some ECOR strains possess ETT2,
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Flag-2, and Flag-1 genes (Table 3). Furthermore, given our
recent discovery that regulatory influences can outlive the de-
cay of structural genes in the ETT2 gene cluster (the “Cheshire
cat” effect), it is possible that the Flag-2 locus might exert
regulatory effects even in strains in which it is no longer capa-
ble of encoding a fully functional flagellar system (48, 56).
The fact that the Flag-2 gene cluster was not discovered in
the first 10 Escherichia/Shigella genome sequences obtained
emphasizes the importance of maintaining an energetic pro-
gram of genome sequencing in this taxonomic group. The hunt
is now on for a functional Flag-2 system and for any pheno-
types associated with it in E. coli strains. However, the pres-
ence of similar, potentially functional gene clusters in C. ro-
dentium and Y. pseudotuberculosis should also focus the
spotlight on motility in these bacteria. In addition, one might
anticipate fresh insights into Flag-2-like systems to emerge
from the soon-to-be-completed Aeromonas hydrophila ATCC
7966 genome sequence.
In conclusion, the obvious similarities between Flag-2 genes
and related genes in C. rodentium and Y. pseudotuberculosis
and with lateral flagellar systems in Aeromonas and Vibrio
illustrate a recent dictum (8), “. . . if we are willing to think in
terms of an idealized E. coli, we can include a great deal of
well-studied biology of closely related enteric bacteria, ” while
the discovery of the Flag-2 locus in E. coli demonstrates how
much there is still to learn about motility in this intensively
studied model organism.
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